Old tuberculin (OT) and purified protein derivative (PPD) are widely used for tuberculin skin testing (TST) in diagnosis of tuberculosis (TB) but often yield poor specificity and anergy in reaction. Therefore, it is necessary to develop new serological methods as a possible auxiliary diagnostic method for TB. In this study, we characterized the dynamic antibody responses of 10 purified recombinant antigens, PPD, and OT in rhesus monkeys experimentally infected with Mycobacterium tuberculosis and analyzed the time to antibody detection, antibody levels, and their association with the infectious doses. The antibodies were detected as early as 4 weeks after infection in response to 5 antigens (CFP10, CFP10-ESAT-6, U1, MPT64, and Ag85b). Antibodies against most of the other antigens were detected between 4 and 12 weeks after infection. The levels of antibodies were dose dependant. We further evaluated the serodiagnostic potential of these antigens by using indirect enzymelinked immunosorbent assay in 71 TST-positive and 90 TST-negative serum samples from monkeys. For all 12 antigens, the median optical density values of TST-positive monkeys were statistically significantly higher than those of TST-negative monkeys (P < 0.001). Among those antigens, Ag85b and CFP10 showed higher diagnostic potential than others. A combination of results from Ag85b, the 38-kDa antigen (Ag38kDa), and Ag14kDa reaches a sensitivity of 95.77%, indicating that these antigens may be ideal cocktails in TB diagnosis.
Tuberculosis (TB) is a bacterial disease which causes serious health problems to both humans and nonhuman primates (NHPs). The zoonotic potential of TB and its potential transmission to laboratory NHPs are major concerns for researchers. Outbreaks of TB in laboratory monkey colonies are economically costly due to animal losses as well as increased expenses by disrupted research, lost time, and even delayed release of new products into the market. Though many strict control guidelines have been implemented, the absence of accurate diagnostic methods prevents effective TB control. Current TB diagnosis of NHPs largely depends on old tuberculin (OT) tuberculin skin testing (TST) and purified protein derivative (PPD) TST (OT-TST and PPD-TST, respectively), which have several serious limitations (7, 18, 23) , including poor specificity, anergy in reaction, and intermittent positive results on repeated testing. A new method, which is based on detection of gamma interferon in whole blood (6, 22) has been developed for diagnosing TB in living NHPs. However, its sensitivity and application are still under evaluation.
With the development of the cloning and expressing of M. tuberculosis-specific antigens, a serological test becomes an attractive diagnostic method for its convenience, robustness, and easy implementation, as well as for the absence of a requirement for living peripheral blood mononuclear cells (PBMCs). Several seroantigens, such as ESAT-6, CFP10, and the 38-kDa antigen (Ag38kDa), have been identified and included in many commercial immunochromatographic test kits for human and primate TB diagnosis (15, 24) . Other antigens, including MTB48 (13, 26) and Mtb81 (10) , are immunogenic and become potential targets for serology-based tests. However, sensitivity and specificity of serological tests have not been determined yet, largely because the great heterogeneity of the antibody response occurs in TB cases. In the present study, we characterize the antibody responses to 10 M. tuberculosis purified proteins, PPD, and OT in rhesus monkeys (Macaca mulatta) naturally and experimentally infected with Mycobacterium and identify these 12 antigens as serological targets. The characterizations of antibodies against multiple M. tuberculosis antigens are valuable for the rapid, early, and accurate diagnosis of primate TB.
MATERIALS AND METHODS
Antigens. Antigens used in this study are listed in Table 1 . PPD was purchased from the Harbin Pharmaceutical Group Bio-vaccine Co., Ltd., and OT was from Synbiotics Corp. Ten recombinant M. tuberculosis proteins were purified to near homogeneity from Escherichia coli as described previously (1, 5, 11, 16, 21, 26, 27) .
Experimental infection and sample collection. Four rhesus monkeys aged 3 to 4 years were obtained from Gaoyao Kangyuan Laboratory Animal Science & Technology Co., Ltd. [license no. SCXK (Yue) 2009 -0009] and routinely tested negative for monkey B virus, simian immunodeficiency virus (SIV), and simian T-cell leukemia virus 1 (STLV-1) by enzyme-linked immunosorbent assay (ELISA) and simian retrovirus (SRV) by immunofluorescence. The monkeys were quarantined for 1 month after arrival at the facility and were evaluated extensively for the absence of tuberculosis by biweekly repeated TST during the quarantine period. Two monkeys (06-1519R and 06-1523R) were infected intratracheally with 500 CFU of M. tuberculosis H37Rv, and the other two monkeys (06-1411R and 06-1445R) were infected intratracheally with 50 CFU of M. tuberculosis H37Rv too. Daily clinical assessment, TST, gross and microscopic examination at necropsy, and bacteriologic culture were performed to ensure the infection status.
At the interval of 2 to 4 weeks, all monkeys were anesthetized intramuscularly with ketamine in combination with Sumianxin II (846 composition group) for blood collection. Ten milliliters of blood was collected from the femoral vein. Sera were separated by centrifugation and stored at Ϫ80°C.
Animal use protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Guangdong Laboratory Animal Monitor Institute in accordance with the Guide for the Care and Use of Laboratory Animals (17) . Animal work was conducted using biosafety level 3 operating procedures and policies in an ABSL-3 facility with approval of and oversight by the Institutional Environmental Health and Safety Office.
Naturally TST-positive and -negative sample collection. In the past 5 years, 71 rhesus monkeys were detected with at least one instance of TST-positive reaction by routine quarantines, and 62 of these monkeys were further confirmed TB positive by necropsies, while the other 9 monkeys were not euthanatized to confirm TB infection by necropsies. The whole blood was collected from 62 monkeys via the carotid artery after anesthesia, and 5 ml of blood was collected from the other 9 monkeys via the femoral vein. Ninety blood samples were collected from rhesus monkeys negative for TST in routine quarantines in recent 3 years. All sera were separated by centrifugation and stored at Ϫ80°C.
Antibody detection by ELISA. The antigen coating concentrations and serum dilutions are listed in Table 1 . The ELISA procedure was performed as follows: 96-well polystyrene microtitration plates were coated overnight at 4°C with 100 l of antigen solution in 0.1 M carbonate-bicarbonate buffer, pH 9.6. After washing, the plates were blocked with 150 l 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) at 37°C for 1 h. After washing again, the wells were filled with 100-l individual serum samples diluted in PBS and incubated at 37°C for 1 h. After the plates were washed, the wells were incubated for 1 h with 100 l of goat anti-monkey IgG antibody conjugated to horseradish peroxidase (Dako, Glostrup, Denmark) diluted 1:15,000. Enzyme activity was assayed by TMB (3,3Ј,5,5Ј-tetramethylbenzidine) peroxidase kit (Dream Biotechnology Co., Ltd., Guangdong, China). To terminate the reaction, 50 l of 2 M sulfuric acid was added, and then the optical density (OD) was measured at 450 nm in a microplate reader (Bio-Rad Co., Japan). The positive and negative controls were FIG. 1. Dynamic antibody responses of selected antigens in experimentally infected monkeys. The levels of antibodies were dose dependent, and the high-dose infections showed earlier serum reactivity than the low-dose infections. The antibody response in monkey 06-1445R (50 CFU) was different from that of the others, with only a brief peak. Data are presented as the mean and standard deviation (SD). Student's t test was used to compare the differences in the OD values between naturally TSTpositive and -negative monkeys. The receiver operating characteristic (ROC) curves of the OD values were plotted using SAS8.01 software, and the area under the curve (AUC) and 95% confidence intervals (95% CIs) were calculated. The Z test was employed to analyze the AUCs between two antigens. In addition, the optimal cutoff values were chosen when the positive likelihood ratio [sensitivity/(1 Ϫ specificity)] was maximum. According to cutoff values, all monkeys were divided into true positive and true negative groups. Differences of sensitivities and specificity between two antigens were analyzed by the 2 test. P values of less than 0.05 were considered statistically significant.
RESULTS

Experimental infection status.
No obvious clinical symptoms were observed except occasional cough for all monkeys, and all animals gained weight during the infection period. At week 4 postinfection, results of TST were positive for 3 monkeys and suspected for monkey 06-1411R (50 CFU). All monkeys tested positive at week 6 postinfection. At necropsy, all animals showed visibly bilaterally enlarged hilar lymph nodes. Three animals (all except 06-1519R [500 CFU]) were characterized by the presence of multiple large and small granulomas in both lungs, and granulomas showed conglomeration to larger caseous areas in the left-middle lung lobe of animal 06-1523R (500 CFU). Granulomas were also present in the spleen of the animal 06-1523R (500 CFU). M. tuberculosis was readily cultured from lung and hilar lymph nodes but was cultured in lesser numbers or not at all from the spleen or other extrapulmonary organs. Histopathologically, a mixture of subacute and chronic granulomas with central necrosis was present in the lungs of 3 animals (all except 06-1519R [500 CFU]), the hilar lymph nodes of all the animals, and in the spleen of animal 06-1523R (500 CFU), while only granulomas without central necrosis were present in lung of animal 06-1519R (500 CFU). In the spleen of animal 06-1445R (50 CFU), the periarteriolar lymphocyte sheaths (PALS) were clear with diffuse lymphatic tissue, but no germinal centers were exhibited within spleen. Evaluations of pathological changes showed no significant correlation with infectious dose.
Time course of antibody response in experimentally infected monkeys. The time course of antibody production in response to the antigens during experimental infection was characterized by indirect ELISA (Fig. 1) . Among the four monkeys, antibodies were produced earliest in monkey 06-1519R (500 CFU), who developed brachychronic and severe disease, and latest in monkey 06-1445R, who showed a low immunity, which was demonstrated by the presence of only a few germinal centers within spleen and outside lymph nodes.
In animals infected with 500 CFU of M. tuberculosis (06-1519R and 06-1523R), antibody production in response to all antigens except the 16-kDa protein was characterized by a sharp rise during the first 4 to 10 weeks of infection and a steady plateau for at least 10 to 14 weeks followed by a slow decline. In contrast, the antibody production in response to the a Antibodies against most antigens tested positive between week 4 and week 12 of infection, and CFP10 showed great value in early diagnosis, followed by CFP10-ESAT-6, U1, MPT64, and Ag85b.
b Seropositive to this antigen preinfection. c NE, negative.
16-kDa protein started at 12 to 18 weeks after infection and declined rapidly after the maximum level.
In monkeys infected with 50 CFU of M. tuberculosis, antibody response was different from those infected with 500 CFU of M. tuberculosis. For monkey 06-1411R, the rise in antibody levels was gentle, and the highest levels were significantly lower than those of animals infected with 500 CFU of M. tuberculosis. And there were no antibody responses to 2 antigens (ESAT-6 and Ag16kDa). While the antibody responses in monkey 06-1445R had distinctive characteristics, antibodies to most antigens in this animal declined to preinfection levels after a brief peak of antibody responses and stayed at a very low level during the course of infection. In addition, the monkey presented negative antibody responses to 3 antigens (ESAT-6, Ag16kDa, and Ag38kDa).
Time to antibody detection. The time to antibody detection was determined as the earliest time point at which serum showed a positive ELISA result. Antibodies to most antigens tested positive between week 4 and week 12 of infection ( Table  2) . Among all antigens, CFP10 showed great value in early diagnosis, followed by CFP10-ESAT-6, U1, MPT64, and Ag85b. ESAT-6 alone showed early serum reactivity in animals infected with 500 CFU of M. tuberculosis but presented seronegative in animals infected with 50 CFU of M. tuberculosis.
Antibody responses in TST-positive and -negative monkeys. Serum antibodies against 10 recombined antigens, OT, and PPD were measured by indirect ELISA in TST-positive and -negative monkeys (Fig. 2) , and the OD values are listed in Table 3 . The levels of antibodies against these antigens in TST-positive monkeys were significantly higher than those in TST-negative ones (P Ͻ 0.001, Student's t test).
Furthermore, all OD values of antibodies were used to generate ROC curves, and AUCs of ROC curves were all above 0.700 (Table 4 ). All antigens were ranked from maximum AUC to minimum as follows: CFP10, Ag85b, OT, MPT64L, CFP10-ESAT-6, Ag38kDa, PPD-1, U1, Ag16kDa, ESAT-6, Ag14kDa, and TB16.3. Sensitivities and specificities of these 12 antigens are listed in Table 4 . Among these 12 antigens, Ag85b and CFP10 showed the highest sensitivity (above 70%), and CFP10-ESAT-6 and ESAT-6 ranked next (66.20% and 67.61%, respectively). The 16-kDa protein showed the lowest sensitivity of 33.80%. The sensitivities of other antigens ranged from 40% to 60%.
In Fig. 3 , positive antibody responses to different antigens in the same animals are presented with black spaces. Only four animals were seropositive to all antigens, two animals were seronegative to all antigens, and two animals were seropositive for only one antigen. Most of the animals (46 out of 71) were seropositive for at least six antigens.
Serodiagnostic potential of M. tuberculosis antigens. Accuracy is commonly used to evaluate the serodiagnostic potential of the antigen in tuberculosis diagnosis. To compare the accuracies of different antigens, the AUCs were analyzed by the Z test (Table 5 ). CFP10 was significantly higher than all other antigens except Ag85b and OT (P Ͻ 0.05), and Ag85b was significantly higher than 4 antigens; OT and MPT64L were significantly higher than 2 antigens. TB16.3 showed the lowest accuracy. The remaining antigens showed no significant differences between each other.
Differences for the sensitivities between each of two antigens 
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were analyzed by the 2 test in naturally TST-positive sera (Table 6 ). Ag85b showed higher sensitivities than 7 antigens (OT, MPT64L, U1, Ag16kDa, TB16.3, Ag38kDa, and Ag14kDa); CFP10, ESAT-6, CFP10-ESAT-6, and MPT64 showed higher sensitivities than 4 antigens (U1, Ag16kDa, TB16.3, and Ag14kDa); PPD showed higher sensitivities than 3 antigens (Ag16kDa, TB16.3, and Ag14kDa); OT and Ag38kDa showed higher sensitivities than the same single antigen (Ag16kDa); and U1 protein, Ag16kDa, TB16.3, and Ag14kDa showed the lowest sensitivities. Among ESAT-6, CFP10, and CFP10-ESAT-6, no significant difference was found, suggesting that the fusion protein did not have any higher sensitivity than the single proteins.
DISCUSSION
TB diagnosis of living NHPs largely depends on clinical assessment, radiographic (X-ray) examination, and TST. Bacterial culture is not practical as a first-line test due to the long culture period and the fact that few sputum samples collected from monkeys are available. Serological tests have been widely studied and used in the detection of TB infection for its convenience, robustness, and easy implementation (13, 19, 20) . Single proteins and cocktails of several proteins as well as genetically engineered fusion molecules with several antigens have been used to improve the sensitivity and specificity to detect TB infection. In this study, we evaluated 10 purified M. tuberculosis proteins as well as OT and PPD as serodiagnostic biomarkers by ELISA in primate sera. PPD and OT were selected as candidate antigens for its commercial maturation, robustness, and easy implementation. Ag38kDa, ESAT-6, CFP10, and fusion proteins of CFP10-ESAT-6 are frequently studied in human and bovine TB as well as in NHPs (2), but their use in NHPs still needs further evaluation with naturally TST-positive monkeys. Ag85b, an abundantly secreted protein in M. tuberculosis culture, is not valuable in human TB diagnosis due to its high cross-reactivity with mycobacterial species but may be valuable in NHP TB diagnosis due to its high sensitivity. There are few reports on other antigens in NHP TB diagnosis, but some, such as TB16.3, have proved to be potent antigens for special use in human TB diagnosis. TB16.3 could be recognized by more than 85% of the samples from TB patients coinfected with human immunodeficiency virus for which it is in general difficult to detect M. tuberculosis-specific antibodies (25) .
Analysis with experimental infection models reveals the relationship among the time course of antibody responses, antibody levels, and infection doses. It is still unclear whether the time to antibody detection and antibody levels can indicate the TB infection in the host, largely because the role of humoral immunity in host defense against M. tuberculosis is poorly understood. The time to antibody detection is critical for assay evaluation and early diagnosis to prevent asymptomatic tuberculosis from being released from quarantine. Some researches reported that antibody was detected between day 30 and day 60 after infection (3). Time to antibody detection in naturally infected monkeys may be longer due to a lower infectious dose. 3 . Distribution of true positives in antibodies of 71 TST-positive monkeys. Four animals (numbered 3, 10, 27, and 28) were seropositive to all antigens, two animals (numbered 36 and 69) were seronegative to all antigens, and two animals (numbered 12 and 38) were seropositive for only one antigen (Ag38kDa and Ag14kDa, respectively). Forty-six out of 71 animals were seropositive for at least six antigens.
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In this study, we found that antibodies against some antigens (CFP10, CFP10-ESAT-6, U1, MPT64, and Ag85b) are detected as early as 4 weeks after infection in monkeys infected with 500 CFU of M. tuberculosis and are not detected or are detected at least 2 weeks later in monkeys infected with 50 CFU of M. tuberculosis. Some few antigens, such as the 16-kDa protein, induce antibodies much later than others. In addition, we also identify that the levels of antibodies depend on the infectious doses. We further evaluate the diagnostic potential of these M. tuberculosis antigens by ELISA in sera from TST-positive and -negative monkeys. We find that the levels of antibodies against all antigens in TST-positive sera are much higher than those in TST-negative sera, consistent with previous reports on humans (14, 26) , suggesting their potential values in the TB diagnosis of nonhuman primates.
We also evaluate the sensitivity and specificity of these antigens. Ag85b and CFP10 show the highest sensitivities of 74.65% and 71.83% respectively, followed by ESAT-6 and CFP10-ESAT-6, while the sensitivities of U1 protein, Ag16kDa, TB16.3, Ag38kDa, and Ag14kDa are below 50%. Though PPD is developed and used for a long period, it shows only a moderately high sensitivity of 59.15%. The sensitivity and specificity of these antigens are not the same as those in human patients (25, 28) .
In addition, we reveal the differences of serodiagnostic potential between two antigens by the Z test and the 2 test. Ag85b and CFP10 show higher serodiagnostic potential than other antigens, while U1 protein, Ag16kDa, TB16.3, and Ag14kDa show lower values for discriminating TST-negative and -positive monkeys. Though the 38-kDa protein presents a low sensitivity of below 50%, it showed poorer sensitivity than Ag85b only, suggesting its great value in combination with other antigens. A combination of results from Ag85b and Ag38kDa may reach a high sensitivity of 90.14%, and if the 14-kDa protein is added, only 3 of 71 monkeys were seronegative, indicating these proteins' great potential in serodiagnostic cocktails. Currently, more proteins combined in various cocktail kits are under testing in order to find ideal kits with high sensitivity and specificity (under evaluation). Compared with cocktail antigens, the fusion proteins show higher specificity, but it is unclear whether they can increase the sensitivity. In our study, the fusion protein of ESAT-6 and CFP10 (CFP10-ESAT-6) does not have higher sensitivity than any single protein. However, the sensitivity of the fusion protein may be affected by many factors such as antigen sources and posttranslational modification of the antigen (5, 9).
In conclusion, we have characterized the antibody responses of 10 purified proteins and two kinds of tuberculin, PPD and OT. Most of the selected antigens show great serodiagnostic 2 test in naturally TST-positive sera. Ag85b showed higher sensitivities than 7 antigens; CFP10, ESAT-6, CFP10-ESAT-6, and MPT64 showed higher sensitivities than 4 antigens; PPD showed higher sensitivities than 3 antigens; and OT and Ag38kDa showed higher sensitivities than the same single antigen. potential for primate TB and can be used to increase the sensitivity and specificity for the diagnosis of primate TB. However, the sensitivity and specificity of these antigens are needed to be tested in more naturally TB-positive monkeys. Further study will be conducted to screen and evaluate more antigens and to identify the optimal combinations of antigens for the sensitive and specific diagnosis of primate TB.
